Kinetic parameters for three systems of active histidine uptake by germinated conidia of Neurospora crassa have been measured. Each system appears to follow typical Michaelis-Menten kinetics when studied separately from the other systems. Under the conditions studied, the general amino acid transport system was found to account for the major portion of histidine uptake from low concentrations. Three types of transport mutants with altered growth inhibition patterns were selected in a histidine auxotroph. Growth of one mutant, type basa, could be inhibited by the addition of methionine to a histidine-supplemented medium, and another type, neua, could be inhibited by the addition of arginine. These mutants were shown to be lacking active histidine uptake by the basic amino acid and neutral amino acid transport systems, respectively. Another type of double mutant (his-3, neur) could be inhibited only by the addition of very high concentrations of methionine in the presence of arginine and histidine, and the mutation appeared to have altered the specificity of the neutral amino acid permease.
Amino acid uptake in Neurospora crassa requires energy and occurs against a concentration gradient (i.e., uptake is active; references 4, 14, and 24). The presence of multiple amino acid-uptake systems in Neurospora has been well documented. A number of experimental observations demonstrate that separate transport systems exist for the classes of amino acids based on net charge (i.e., basic, neutral, and acidic). These observations include: (i) mutual antagonisms between members of the same family, such as the inability of arginine auxotrophs to grow when lysine is also present in the growth medium (6); (ii) mutual inhibition of uptake by amino acids within a family (1, 2, 11, 16, 21) ; and (iii) the demonstration that amino acid analogue-resistant mutants have altered ability to accumulate one or more classes of amino acids.
Among the mutations which lower the rate of uptake of neutral amino acids are the methyl tryptophan-resistant mutation (mtr) isolated by Stadler (16; see reference 10) and the nap mutation isolated by Jacobson and Metzenberg (8) , which is resistant to ethionine and fluorophenylalanine. In contrast, the mod-5 mutant described by St. Lawrence et al. (14) shows increased sensitivity to fluorophenylalanine and methyl tryptophan, correlated with an increased rate of uptake of aromatic amino acids.
Mutations which cause an alteration in basic amino acid transport specificity include bat (18) , hlp-l (3), and strain CR-10 which is resistant to the arginine analogue canavanine (13) . In addition to the permeases with charge specificity, a general amino acid transport system with very broad substrate specificity has been described in Neurospora and found to be present under certain conditions (10) .
It was our intent to examine the multiple permease model with respect to a particular amino acid and to determine the relative importance of each system in the transport of this amino acid. The amino acid histidine is uniquely suited for such a study, because it is a member of at least two families under physiological conditions. Since the secondary pKa of histidine is 6, at Media. The basic minimal medium was Vogel's medium N (20) supplemented with 1.5% (w/v) sucrose. For conidial production, cultures were grown for 6 days at 30 C in 125-ml flasks containing 20 ml of minimal medium plus 0.1 mg of L-histidine per ml (0.64 mM) and were solidified with 2% agar.
Selection of mutants. Conidia from the his-3;a strain were ultraviolet-irradiated in sterile water. To select mutants of the basic amino acid transport system (basa mutants), the treated conidia were placed in a medium containing 0.64 mM L-histidine plus 6.7 mM L-methionine, and growing colonies were filtered off at 6-hr intervals for 48 hr (22) . Colonies which then grew on the minimal medium plus histidine were tested for inhibition in the presence of methionine. A similar screening technique was used to select neutral transport (neua) mutants, with 5.7 mM arginine rather than methionine used to inhibit growth. Another type of his-3 transport double mutant (his-3, neu r) was selected for ability to grow on a histidine-supplemented medium also containing arginine and methionine at the previously given concentrations.
Uptake of '4C-labeled histidine. Conidia were collected in a liquid medium supplemented with 0.13 mM L-histidine, and hemacytometer estimates of the concentration were made. After Experiments to determine initial velocity and kinetic properties were made by preparing reaction tubes containing 2 ml of the liquid medium with double the desired concentration of histidine and inhibitors, which were allowed to equilibrate to 30 C.
To initiate the reaction, a 2-ml suspension of conidia was added to give a final concentration of cells equal to 2 x 106/ml. Uptake was stopped, and the samples were rinsed, dried, and counted as before.
RESULTS
Selection of mutant strains. Mutants which have the properties shown in Table 1 were selected as described above. Several independent isolates of the his-3,neur type were found, and, in each case, it was found that growth could be inhibited by increasing the amount of methionine 16-to 80-fold, without changing the arginine concentration. It was observed that 5.4 mM lysine could be substituted for arginine in any of the growth media of Table 1 , and the other neutral L-amino acids which were tested (3.8 mm leucine, 2.8 mM tyrosine, 2.4 mm tryptophan, 4.3 mM valine, and 4.8 mM serine) gave results identical to those recorded for methionine. In the case of the his-3, neul mutant, growth could not be inhibited by adding 3.4 mM L-glutamic acid, 2.8 mM Lcysteine, 4.3 mM L-proline, or 1.9 mm adenosine to the test medium containing histidine, arginine, and methionine. Growth of the his-3,neur strain could be prevented however by substituting 3 mM L-phenylalanine for methionine in the test medium.
Other tests with his-3 and his-3, neur were made using 0.2 mM L-histidine. The addition of 2 mM arginine and methionine to germinated or ungerminated conidia of his-3,neur did not prevent growth, but 20 mm arginine and meth- ionine did prevent growth. Growth did not occur in the his-3 strain at either the 2-mM or 20-mM combinations of inhibitor.
Preliminary mapping data suggest that the basa gene is located in linkage group II, and neur in IVR, so perhaps it is allelic to mtr. The location of neua has not been determined.
Transport by the general amino acid permease. Uptake at low histidine concentrations was the same in the mutant strains as in his-3. This was true both in the time course of uptake and for a number of kinetic parameters which were determined. Initial studies of histidine uptake were made using micromolar concentrations of histidine. Both his-3 and the transport mutants showed rapid accumulation of 2 ;M L-histidine during time course studies.
The initial rate of uptake remained linear for only a short time, as is shown for his-3, basa
To determine if one-min fixed-time assays could be used to calculate initial velocities from low histidine concentrations, the amount of histidine accumulated in 1 min from 2 ;M Lhistidine (specific activity = 2) was measured as a function of conidial concentration. It was found to be linear to at least 12 x 106 conidia per ml. This linear relationship was taken to mean that kinetic measurements made at 1 min utilizing 2 UM L-histidine and 2 x 106 conidia per ml are valid estimates of the initial velocity. A similar relationship was demonstrated for 0.5 mM histidine using 5-and 10-min fixed-time assays.
The rate of histidine uptake was measured over a wide range of substrate concentrations. When data from all concentrations were included in double reciprocal plots, a hyperbolic, rather than linear relationship, was obtained, indicative of the ability of more than one permease system to transport histidine.
Several lines of evidence indicate that uptake at low concentrations (<50 ,M) is almost entirely the result of the action of the general amino acid transport system described by Pall, and that this system is not affected by the neua, neur, or basa mutations. Either arginine or methionine was able to inhibit more than 80% of the histidine (2 AM) uptake in all strains (Fig. 2) . Lineweaver-Burk plots made over varying concentrations below 50 FM gave typical Michaelis-Menten kinetics and showed that both arginine and methionine were competitive inhibitors (Fig. 3) .
Kinetic parameters for the general permease were measured by two methods. To minimize the amount of histidine entering by other systems, inhibition constants (K1) for methionine and arginine were obtained from Dixon-type plots (5) using 2 and 4 LM histidine. The inhibition constants, calculated by solving for the intersection of regression lines fitted to the data (Fig. 4) , are given in Table 2 . The apparent Km for histidine may be determined from these plots by the equation: Km = (-K1 [S])/(i + K1), where S is the substrate concentration and i is the intercept on the base line (5) . Under the conditions used, i (negative) was very near in absolute value to K1, with the result that estimates of Km were often very different in repeated experiments even though the K1 values obtained were nearly identical. For this reason, the apparent affinity constants (Km) for histidine in Table 2 were calculated from Lineweaver-Burk plots at low histidine concentrations. The estimated Vma. was 3.6 (S = 1.5) nmoles per sample per min. Estimates of Km and K1 for the general permease in the mutant strains all fell within the range of observations for his-3 ( Table 2) .
Incorporation of accumulated histidine. Because histidine uptake by the general permease was found to be normal in the mutant strains, the possibility that arginine inhibition of the his-3,neua strain or methionine inhibition of the his-3, basa strain 16 ,M L-methionine, (x) 16 arL-arinhibitors in his-3 or the transport mutants. ginine. V is measured as nanomoles absorbed per The data for his-3, baSa are given in Table 3 . minute per sample. Conidia (2 x 106/ml) were from These data, as well as those for the other the his-3;a strain. Total histidine uptake was somewhat lower in both the his-3, basa and the his-3, neua double-mutant strains as compared to the his-3 strain with normal transport. In the his-3,basa mutant, histidine uptake was reduced to the background rate by the presence of methionine alone (Fig. 5B) . Arginine alone inhibits only that part of the total active uptake of the his-3, basa strain attributable to the gen- eral permease. The uptake of histidine by the his-3, neua mutant may be essentially eliminated by arginine, whereas uptake in the presence of methionine is similar to that found in the his-3 conidia under conditions where only the basic permease is expected to function (Fig. 5C ). The apparent Km (histidine) for the neutral transport system in the his-3, basa strain was 0.8 mM, and the apparent Km (histidine) for the basic transport system in his-3, neua was 1.3 mm. Both of these measurements agree within the error of measurement for the values obtained with his-3.
Stadler found that mutants lacking a phenylalanine transport system could be suppressed by a second mutation which allowed phenylalanine to be transported via the basic transport system. No evidence for a new mechanism for histidine uptake was found in the his-3, neur mutant. Tests for growth inhibition by adding excess amounts of compounds known to have uptake systems, including acidic amino acids (11), nucleosides (15) , and proline (24), gave no evidence that these systems might now accept histidine.
In the his-3, neur strain, histidine uptake was lowered to nearly the same extent by 20 mM arginine or methionine as by a combination of the two inhibitors (Fig. 5D) . At 2 mM concentrations, methionine exhibited a much lower degree of inhibition of uptake than arginine (Fig. 6) . At both the 2-and 20-mM concentrations, arginine appeared to be a slightly more effective inhibitor of histidine uptake in his-3,neur than in his-3 (Fig. SA, 5D, and 6 ).
These data suggest that arginine is still effective in inhibiting uptake by the general and basic permeases but that 2 mm methionine does not effectively inhibit the neutral permease. The low rate of histidine uptake in the presence of arginine indicates that the neutral permease in the his-3, neur strain may also have a slightly lowered capacity for histidine transport. Due to the incomplete inhibition of histidine uptake by a combination of methionine and arginine in the his-3,neur mutant, it was not possible to make estimates of the Km for histidine of the neutral and basic permeases with the available data.
DISCUSSION
When Haas et al. (7) first observed that histidine auxotrophs could not grow with both excess neutral and basic amino acids and when Mathieson and Catcheside (9) showed growth inhibition to be related to the ability to assimilate histidine, a two-site model for histidine uptake evolved. Discovery of mutants which could -be blocked by arginine or methionine alone (23) gave apparent support for this twosite model. More recently, Pall (10) described a general amino acid uptake system present under certain conditions which has affinity for nearly all a-amino acids. This system was found to play a large role in histidine uptake in germinated conidia. Thus the total rate of active histidine uptake by germinated conidia is a sum of contributions from the general, basic, and neutral amino acid entry systems. Each of these transport mechanisms appears to follow Michaelis-Menten kinetics, giving a total rate of uptake of V (nanomoles per (17) . The substrate saturation curves for his-3 and the transport mutants were consistent with this model. Both the observations on growth inhibition and the complete inhibition of histidine uptake in the presence of methionine indicate that the basa mutation eliminates the permease which normally functions for basic amino acids. Thus in the his-3, basa strain, only the general and neutral transport systems are available for histidine transport, and both of these systems can be inhibited by methionine or other neutral amino acids. Similarly the neua mutation is lacking a functional neutral permease, so that growth and histidine uptake can be prevented by competitive inhibition of the general and basic transport systems with lysine or arginine.
The effect of the neur mutation is not so obvious. Perhaps the simplest explanation of the data is that neur alters the specificity of the neutral amino acid permease. An affinity for histidine and possibly phenylalanine is retained, but other neutral amino acids are not as effective competitive inhibitors in the mutant as in wild type. Though less probable, it is also possible that the mutation could have increased the affinity for histidine, which would have the same effect. Another possibility for increasing histidine uptake by the neutral system despite the presence of inhibitors is a control type mutation causing overproduction of the neutral permease. In either of the latter cases, uptake in the presence of arginine would be expected to increase, rather than decrease as was observed.
The high level of activity of the general permease in germinated conidia was not predicted. Pall (10) reported little or no activity in young cultures, but found high activity of the general permease in older nitrogen-starved mycelium. He proposed that this permease serves a scavenger function for nitrogen. The conidia in our experiments were rapidly growing after 5 however, starved for histidine (nitrogen present) for 2 hr before uptake studies began, so perhaps lack of an essential amino acid simulates starvation conditions. However, Tisdale and Debusk (19) have recently reported a rapid increase in amino acid transport, especially of the general transport system prior to visible germination. It would thus seem that the general transport system is present in germinated conidia.
The large contribution to uptake by the general uptake system as compared to the basic and neutral systems may account for the lack of histidine transport noted by Thwaites and Pendyala (18) while measuring a system specific for basic amino acids.
The presence of the general permease in germinated conidia also raises an interesting question: how do neutral and basic transport mutants survive in the presence of analogues? VOL. 1 10, 1972 There is of course the possibility that the general system alone could not transport sufficient analogues to give lethal effects. It is also possible that molecules transported by different systems are used differentially (e.g., amino acids transported by the general system may be deaminated to provide nitrogen rather than used directly in protein synthesis). Our results indicated, however, that the accumulated histidine was efficiently incorporated into protein. Another possibility is that the presence of analogues suppress the formation of the general permease. Wiley and Matchett (21) observed that preloading with tryptophan decreased the rate of tryptophan uptake and Pall and Kelly (12) found that the inhibition extended to other members of the same family of amino acids. Tisdale and DeBusk (19) found that incubation in the presence of amino acids lowered the rate of uptake. The ideal way to study the control and properties of the general transport system is in a strain lacking the other permeases. To date, our efforts to construct such a strain through recombination have not been successful. This may be a result of low viability, because Tisdale and DeBusk (19) have reported finding such a strain. In our crosses, the transport double mutant has the genotype his-3, basa, neua, which may be an indication the general permease does not function in ascopores to fulfill the histidine requirement.
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